Abstract-In a multi-user system in which interference is treated as noise, increasing the power of all transmissions eventually makes thermal noise negligible and causes the network to be interference-limited. This paper attempts to determine the power level at which a random-access ad hoc network becomes interference limited. Furthermore, when the network is not interference-limited (i.e., when signal power does not completely overwhelm noise), the relationship between power and area spectral efficiency is quantified. It 
I. INTRODUCTION
In a multi-user communication network with simultaneous and interfering transmissions, the two fundamental impediments to reliable communication are thermal noise and multiuser interference. If the power of each simultaneous transmission is increased, signal and interference power increase proportionally while thermal noise power remains constant. Thus, at some point thermal noise becomes approximately negligible, i.e., the network becomes interference-limited, and any further increase in transmission power provides essentially no benefit. On the other hand, thermal noise is not negligible when the transmission power is not so large relative to the noise power. The objective of this paper is to (a) determine the power level at which an ad hoc network becomes interferencelimited, and (b) quantify the relationship between transmission power and network capacity.
To allow for analytical tractability, we analyze a randomaccess based ad-hoc network consisting of transmitter-receiver pairs distributed on the two-dimensional plane. More specifically, the network we consider has the following key characteristics:
. Transmitter locations are a realization of a homogeneous spatial Poisson process. * Each transmitter communicates with a single receiver that is a distance d meters away. . All transmissions occur at power p and rate R bits/sec, and the noise spectral density is No.
. Each receiver treats multi-user interference as noise.
By considering such a network, the transmission capacity framework, which was first developed in [1] and quantifies the probability of successful transmission in terms of the transmission density and SINR threshold, can be utilized.
At a basic level, the objective of the work is to determine the relationship between p, transmission power, and the capacity (i.e., density of transmissions) of such a network. Rather than fixing all operating parameters and then varying p, we find it more meaningful to optimize the network for each value of p. In the random access setting considered here, the relevant design variable is the fraction of the total bandwidth that each rate R bits/sec communication occupies. We consider the case where the system bandwidth of W Hz is divided into N equal sub-bands of w Hz, with each transmission occurring on a randomly chosen sub-band. The number of sub-bands N is optimized (separately) for each value of p, and the optimized capacity is then studied as a function of transmission power.
By posing the problem of sub-band optimization in terms of the spectral efficiency of each communication (equal to R W/N)' we are able to derive simple expressions for the optimal operating point that depend only on the path-loss exponent of the network and the energy per information bit of each transmission [2] We consider a set of transmitting nodes at an arbitrary snapshot in time with locations specified by a homogeneous Poisson point process (PPP) of intensity A on the infinite 2-D plane. We assume that all nodes simultaneously transmit with the same power p, and that the noise spectral density is No. Moreover, nodes decide to transmit independently and irrespective of their channel conditions, which corresponds roughly to slotted ALOHA (i.e., no scheduling is performed). If the transmit signal of the i-th transmitter is denoted as Ui, the reference received signal is:
where Zi is additive Gaussian noise with power r1. [4] , [5] . The fixed transmission distance of d is clearly not a reasonable assumption; however our prior work [1] , [6] has shown rigorously that variable transmit distances do not result in fundamentally different capacity results, so a fixed distance is chosen because it is much simpler analytically and allows for crisper insights. Our model does not include fading, but our past work has shown that the effect of fading in the interference-limited regime is only a multiplicative constant; the effect of fading in the energy-limited regime is of interest but it beyond the scope of this work. Finally, scheduling procedures (e.g., using carrier sensing to intelligently select a sub-band) may significantly affect the results and are definitely of interest, but this opens many more questions and so is left to future work.
B. Transmission Capacity Model
In the outage-based transmission capacity framework, an outage occurs whenever the SINR falls below a prescribed threshold 3, or equivalently whenever the instantaneous mutual information falls below log2 (1+-3). Therefore, the systemwide outage probability is:
This quantity is computed over the distribution of transmitter positions and clearly is an increasing function of the intensity A. The SINR threshold 3 and the noise power r1 are treated as external constants here, but are related to R, W, and N in the following section.
If A, is the maximum intensity of attempted transmissions such that the outage probability (for a fixed 3) is no larger than c, the transmission capacity is then defined as C = A (1-c) b, which is the maximum density of successful transmissions times the spectral efficiency b of each transmission. In other words, transmission capacity is like area spectral efficiency (ASE) subject to an outage constraint. Using tools from stochastic geometry, in [1] it is shown that the maximum spatial intensity A, is upper bounded by the quantity A6, which is defined as:
(1) pd-a Furthermore, this bound is asymptotically tight for small values of c: (2) It should be noted that Fig. 1 where-A and(1 -)(1 6)d2 <lforall a> 2. Proof: See [3] . Fig. 3 contains plots of the numerically computed optimal spectral efficiency b*, denoted as optimal, the approximation (1 -)C( f), and AWGN capacity C ( ) versus E6 for a 3 an a 4. Fig. 4 contains plots of the numerically computed optimal ASE (El), denoted as optimal, the approximation from (17), and AWGN capacity C (E In addition to decreasing the operating spectral efficiency b* to a fraction of C (El), multi-user interference also decreases 
